Iron
Interest in movement disorders is heightened by the recent ability to map the distribution of macromolecular complexes of Fe(llI) in the brain with heavily T2-weighted images. This is accomplished through contrast created by the T2* effect, a local inhomogeneity in the magnetic field that dephases spin and results in loss of signal [1] . This effect is different from the paramagnetic effect of smaller soluble contrast agents, such as gadolinium, and corresponds roughly with the femc iron distribution demonstrated by ParIs' Prussian blue reaction ( Fig. 1 ) [2] .
The signal loss observed varies according to the concentration of the macromolecular complexes and the square of the field strength.
Normally a statistically characteristic distribution of iron exists that varies with age: none is present at birth; then a rapid accumulation of iron occurs with the majority being present between the ages of 8 and 25 years. After this, a gradual accumulation occurs with prominence seen in the globus pallidus, putamen, and substantia nigra in old age [3] [4] [5] .
It is a unique characteristic of the extrapyramidal system that its nuclei contain high concentrations of iron. Especially rich are the substantia nigra and globus pallidus.
Lesser amounts of iron are found in the red nucleus, dentate nucleus, nigrostriatal tract, putamen, caudate nudeus, and the fifth layer of cortical gray matter [6] . The reasons for increased concentration of iron in nuclei related to movement are unknown; these reasons are reviewed in our discussion.
Other trace metals found in the brain in significant amounts include copper, magnesium, and zinc [3, 4] . In the normal state they appear to contribute little to MR imaging. But 
Movement Disorders
Classically, movement has been found to be mediated by multiple neural pathways that can be divided into pyramidal, extrapyramidal, and cerebellar systems. This classification, however, belies the fact that multiple coordinated interaction between these artificial divisions is required for purposeful movement.
In the radiologic conceptualization of movement disorders, a simplified model of the involved anatomic pathways can be useful. The extrapyramidal system can then be thought of as a major circuit and several minor circuits that modify the control of movement. Damage to these circuits causes involuntary movement and other nonparalytic disorders by release of inhibition, dyscoordination, or loss of modulation on the pyramidal tract. The major extrapyramidal motor circuit is a loop consisting of projections from the cortex to the neostriatum (caudate and putamen nuclei), globus pallidus, thalamic nuclei, and finally returning to the cortex (see loop 1 in Fig. 2 ). Damage to this circuit is manifest by signal changes on MR and results in a clinically manifest spectrum of abnormal movements ranging from dystonia to chorea. Accessory or minor extrapyramidal motor circuits are formed between the subthalamic nucleus and globus pallidus (see loop 2 in Fig. 2) ; the lenticular nuclei (caudate, putamen, and globus pallidus) and substantia nigra (loop 3); and a complex loop originating in the cortex, passing through the pons, brachium pontis, and cerebellum Table 1 were used in this study [9] with maximum color-contrasting areas containing ferric iron (Fig. 3) . Prolonging the staining process tends to reduce the intensity differences.
The MR images were obtained using a 1 .5-T prototype system (Columbia-Philips Table 2) .
Results

Iron Staining
Other staining occurs near the gray-white-matter border in the deep cortical gray layers and is easily mistaken for whitematter U fibers (Fig. 3F) . Also the frontal white matter is usually noted to stain more deeply than the occipital white matter.
Areas with lack of staining are also present. (Fig. 4) .
The optic system is also dramatically devoid of staining. The optic tracts, lateral geniculate body, and optic radiations can all be seen to stain less than adjacent white matter. An important observation is the intensity with which caudate and putamen stain. Even considering the naturally darker color of the neostriatum, the amount of femc iron staining present is intense. This is significant when comparison is made with the MR images. In three of the cases increased signal was seen in the periaqueductal region and in one case the tectum.
MR Images
These cases were encountered early in their clinical course and showed less atrophy than the chronic cases (Figs. 8 and 9 ).
In four cases ofolivo-ponto-cerebellar atrophy focal atrophy of the olives, pons, brachium pontis, medulla, and cerebellum was observed. No change in parenchymal signal was noted (Fig. 10) .
In seven cases of Shy-Drager syndrome, atrophy similar to that of olivo-ponto-cerebellar atrophy was seen; and in four cases, increased signal was seen in the globus pallidus, which we attributed to advanced degeneration of the globus pallidus with gliosis ( Fig. 1 1) . sharp margins (Fig. 1 2) . Clinically, these cases manifested prominent rigidity, ataxia, and a poor response to treatment. Six patients with myoclonus, two with focal and four with diffuse forms, were examined and showed no imaging abnormality.
Choreic Disorders and Hemiballlsmus
Eight patients with choreic disorders were imaged, four with Huntington's disease, three with chorea-acanthocytosis (Fig. 16 ).
One patient with glutanc aciduria was studied at 6 and 8 months of age. The first images were normal for age; the second showed increased signal in the neostriatum similar to that of the above cases (Fig. 1 7) . Other cases demonstrating increased signal in the neostriatum included two cases of postinfection dystonia and three cases of infarct-induced dystonia (Figs. 1 8 and 1 9) . These cases also demonstrated atrophy in associated structures.
In one case of basal ganglionic glioma with dystonia increased signal was seen also.
Three patients with a history of pennatal ischemic insults with resulting dystonia showed mildly decreased signal in the neostriatum.
Two cases with this tenuous diagnosis were normal. One case of Wilson's disease showed bilateral decreased signal in neostriatum (Fig. 20) . two were believed to have resulted from drugs or toxins, and one occurred after head trauma.
Discussion
General
The Table 1 ). The rarity of many of the disorders also limits observation.
Some of the diseases, therefore, are poorly defined.
The simplified extrapyramidal system schema was then introduced to correlate anatomic regions of abnormality in relation to abnormal movement and to avoid memorizing the findings in a large number of rare diseases.
Iron/MR Correlation
To fully exploit the ability of MR imaging to map iron, more precise knowledge about its functions in the brain, its distilbution at the cellular level, and the physical state in its many roles is required.
Also, an explanation for the close but imperfect correlation with iron staining is necessary (Fig. 4) . ET AL. caused by iron in the two structures in predominantly different forms (and subserves different functions). In a study of the relaxation of water in the presence of femtin, Koenig et al. [1] showed that the relaxation behavior of femtin changes with the amount of iron within its core. A core substantially loaded with iron has no effect on Ti , but has a substantial shortening effect on T2. Ferritin molecules with partially loaded cores do not demonstrate these changes. The one case of glutaric aciduria is important because it represents a large group of amino acid metabolic defects that are potentially treatable. The pathologic lesions manifest by these disorders are probably secondary to local acidosis, hypoglycemia, or hyperammonemia.
The resulting cell loss and gliosis is detected by increased signal on T2 images. Also described histologically is a failure of myelination that we have seen in another case of aminoaciduria without dystonia or lesions in the putamen.
In the two cases of postinfection secondary dystonia increased signal and mild atrophy were seen in the putamen. In the eight cases of infarct-induced dystonia a consistent pattern of putamenal lesions was found. Unique to MR was the ability to differentiate whether these were hemorrhagic or not, even when the ictus was in the distant past. The posthemorrhagic deposition of hemosiderin demonstrates a decrease in signal on the T2 image secondary to the T2* effect.
The vascular distribution in the neostriatum is such that it is rarely affected by embolic events in isolation, and so gener- 
Conclusions
The ability to image the nuclei of the extrapyrarnidal motor system allows us to correlate, in life, many structural defects with functional deficits. Two of the largest gaps in this correlation at the present time are (1) In hemiballismus we see an increased signal in the subthalamic nucleus. In dystonias, we see no specific abnormalities in primary dystonia but often see abnormal signal in the neostriatum, especially the putamen in secondary dystonias (Tables 3-5) .
While strict anatomic localization of pathology in these conditions is still in its early stages, we believe that this classification, while simplified [50, 51], has significant utility in clinical diagnosis.
